We demonstrate an array of erbium-doped waveguide-distributed feedback lasers on an ultra-low-loss Si 3 N 4 platform. Sidewall gratings providing the lasing feedback are defined in the silicon-nitride layer using 248 nm stepper lithography, while the gain is provided by a reactive co-sputtered erbium-doped aluminum-oxide layer. We observe lasing output over a 12 nm wavelength range (1531-1543 nm) . Just as well, the ultra-low loss of this waveguide design enables extremely long, low-coupling constant filters with the narrow passbands required for integrated low-linewidth lasers [5] . Recent efforts at integrating active elements within the ULLW platform have concentrated on bonding hybrid indium phosphide/silicon layer structures with tapered mode couplers to transfer light between the silicon and the silicon-nitride waveguides [6] . Such an approach relies on a complicated fabrication process, with tight constraints on process parameters, and precise alignment between the silicon, InP, and silicon-nitride waveguides. When compared to rare-earth-ion-doped dielectric materials, semiconductor gain media exhibit relatively wide lasing linewidths, high amplifier noise figures, and lowtemperature stability. Since rare-earth-ion-doped dielectric materials do not exhibit an amplitude-phase coupling mechanism as large as that observed in semiconductor lasers, these materials can be used to realize linewidth values that would otherwise be unobtainable with standard semiconductor designs.
Low-cost, high-performance integration technologies that enable a new generation of ultra-narrow-linewidth, temperature stable, and multiwavelength lasers on-chip will create a significant impact in numerous applications including coherent communications [1] , high spectral resolution LIDAR systems [2] , and long-range optical frequency-domain reflectometry systems [3] . A preeminent candidate for these new classes of lasers is the silicon-nitride ultra-low-loss waveguide (ULLW) platform [4] . Silicon-nitride-waveguide-based passive components have been shown to offer ultra-low loss, high performance, and tight fabrication tolerance for desired design parameters. Si 3 N 4 strip waveguides clad by SiO 2 have demonstrated on-chip waveguide propagation loss below 0.1 dB∕m [4] with coupling losses of 0.7 dB to optical fibers [4] . Just as well, the ultra-low loss of this waveguide design enables extremely long, low-coupling constant filters with the narrow passbands required for integrated low-linewidth lasers [5] .
Recent efforts at integrating active elements within the ULLW platform have concentrated on bonding hybrid indium phosphide/silicon layer structures with tapered mode couplers to transfer light between the silicon and the silicon-nitride waveguides [6] . Such an approach relies on a complicated fabrication process, with tight constraints on process parameters, and precise alignment between the silicon, InP, and silicon-nitride waveguides. When compared to rare-earth-ion-doped dielectric materials, semiconductor gain media exhibit relatively wide lasing linewidths, high amplifier noise figures, and lowtemperature stability. Since rare-earth-ion-doped dielectric materials do not exhibit an amplitude-phase coupling mechanism as large as that observed in semiconductor lasers, these materials can be used to realize linewidth values that would otherwise be unobtainable with standard semiconductor designs.
The erbium-doped aluminum oxide (Al 2 O 3 :Er 3 ) gain medium has shown the capability to act as both a broadband, high-gain region for amplification [7] , as well as a wavelength stable source for narrow-linewidth lasers [8] .
From an integration perspective, the erbium-doped gain layer can be added by way of only a single additional fabrication step on top of the few already required for the entirety of the ULLW platform. Overall, this greatly reduces the complexity of the fabrication process when compared to those necessitated by utilizing a semiconductor-based alternative. Integrating such an active medium with the functionalities created through the ULLW platform, in particular highly selective sidewall grating filters [9] , allows for the realization of novel, high-performance optical communications devices.
In this Letter, we demonstrate for the first time an array of integrated Al 2 O 3 :Er 3 waveguide-distributed feedback (DFB) lasers on an ultra-low-loss Si 3 N 4 platform. The devices were fabricated on 100 mm Si substrates, with sidewall grating features patterned using 248 nm stepper lithography. We observe laser output over a 12 nm wavelength range (1531-1543 nm) from the array of five separate lasers, with output powers of 8 μW and full width at half-maximum (FWHM) lasing linewidths of 501 kHz. Spectral traces show single-mode operation, with a side-mode suppression ratio (SMSR) greater than 35 dB for all designs.
The modal gain per unit length (in dB/cm) of rare-earth ion-doped media is linearly proportional to the fractional overlap (or mode confinement factor) Γ of the signal beam at wavelength λ s within the region of the gain material being excited by the pump beam at wavelength λ p [10] . An advantage of the extreme low loss of the nitride waveguide platform is that only a small amount of gain will be required to overcome the propagation and excess mirror losses to achieve lasing. With this in mind, we designed a waveguiding structure such that the pump and signal beams have only a small confinement factor within the Al 2 O 3 :Er 3 gain region as compared to other designs [7] . Figure 1 (a) gives a schematic cross section of the material platform used in this work.
As shown, the Si 3 N 4 core (thickness, t 79 nm, and refractive index, n 1.98) and Al 2 O 3 :Er 3 gain medium (t 830 nm, n 1.65) are separated by a thin layer of SiO 2 (t 200 nm, n 1.44). This small oxide gap provides a greater degree of freedom in tailoring the confinement factor of the mode within the erbium-doped gain region. This cross-sectional structure is similar to the distributed Bragg reflector (DBR) design reported in [11] , save for modifications of the Si 3 N 4 core thickness, nominal waveguide width, SiO 2 spacer thickness, Al 2 O 3 :Er 3 thickness, and presence of the top SiO 2 cladding. The net effect of the changes is a reduction in the confinement factor of the mode within Al 2 O 3 :Er 3 layer. Figure 1(b) gives the simulated fundamental TE-mode profile for the 1531 nm signal, with a corresponding Γ value of 61%.
Fabrication of the devices began with 15 μm thick thermally oxidized silicon substrates measuring 100 mm in diameter. The 79 nm thick Si 3 N 4 layer was deposited by low-pressure chemical vapor deposition (LPCVD) and then patterned using 248 nm stepper lithography. An inductively coupled plasma reactive-ion etch subsequently defined the nitride core. The 200 nm thick SiO 2 layer, acting as a spacer between the Si 3 N 4 core and the Al 2 O 3 :Er 3 active layer, was then deposited using reactive co-sputtering. The devices were then annealed in N 2 at 1050°C for 7 h. This high-temperature step was done to reduce absorption losses due to Si-H and N-H bonds around 1.52 μm [12] . The 830 nm Al 2 O 3 :Er 3 gain layer was deposited by reactive co-sputtering using a process similar to that found in [13] . Finally, a 2.0 μm thick protective top PECVD SiO 2 layer was deposited. After being diced into individual die, a mechanical polishing process ensured proper conditioning of the device facets. Through optical backscattering reflectometry measurements [4] , we determined the background scattering losses of undoped reference samples to be <0.25 dB∕cm over the range of 1530-1600 nm. Secondary ion mass spectrometry measurements quantified the erbium dopant concentration at 1.7 × 10 20 cm −3 .
The DFB cavity measures 7.5 mm long, with 1 mm long × 2.8 μm wide active input waveguides on either end between the lasing cavity and the die facet. The cavity sidewall grating is composed of periodically varying sections of alternating widths. The width difference between the two waveguide sections sets the reflection strength of the grating, or κ parameter [5] . The design set with the best performance had alternating widths of 2.56 and 3.04 μm, which produces a κ value of ∼11 cm −1 . This is shown in Fig. 2(a) .
The total period length Λ, which sets the lasing wavelength of the device, is stepped between 486 and 490 nm in increments of 1 nm. This corresponds to Bragg wavelengths of 1531, 1534, 1537, 1540, and 1543 nm, respectively. Figure 2(b) shows a scanning electron microscope (SEM) image of the nitride core of a device right after the reactive ion etch fabrication step. Figure 3 shows the experimental setup used to characterize the lasers.
Pump light from both 974 and 975 nm laser diodes is coupled onto the chip from both sides using 5 μm spot size (at the 1∕e 2 level) lensed fibers. The lasing output is collected from the 1550 nm port of a 980∕1550 nm wavelength division multiplexer (WDM). The powerhandling capability of the 980∕1550 nm multiplexer is constrained to a maximum of 300 mW, so the output from the DFB can only be measured from the side pumped by the 200 mW 975 nm laser diode. The laser output power is measured using a power meter, while the spectrum is recorded using an optical spectrum analyzer (OSA). In measuring the insertion loss of the devices, we estimate the coupling losses at each facet of the die to be 2.0 and 4.5 dB for the 1550 and 980 nm TE-polarized light, respectively. With this coupling loss known, we determine a maximum possible on chip pump power of 205 mW. A maximum output power of 8 μW is obtained from the DFB laser with a center wavelength of 1543 nm. A plot of single-sided lasing output power versus pump laser input power for the device operating at 1543 nm is shown in Fig. 4 .
A pump-to-signal efficiency (η) of 5.7 × 10 −3 % is calculated for this device. The value of output power is significantly lower than the 800 μW at 1545.2 nm obtained by the DFB in [8] when pumped with 976 nm light [14] , or the 5 mW at 1561 nm obtained by the DBR in [11] . The main reason for this discrepancy is due to the differences in the total length of the devices (7.5 mm in this work compared to the 10 mm found in [8] or the 23 mm found in [11] ). In rare-earth ion-doped waveguide lasers, the absorption length of the pump light poses a lower limit on how short the lasing cavity can be made, while still absorbing sufficient pump radiation to reach threshold [14] . Measurements of residual pump power captured from the end opposite the 974 nm pump diode show that the amount of pump power absorbed is ∼1-5%. This would mean that the low efficiency of the fabricated devices is dominantly restricted by the short cavity length. A trade-off exists here, though, as the devices cannot be made arbitrarily long. A longer cavity not only imposes a tighter constraint on the coupling constant of the grating to keep the device lasing in a single longitudinal mode, but it also experiences an upper bound set by the absorption length of the pump light. When viewed as a function of length, the loss of pump power along the cavity of an extremely long laser will eventually cause a region of the device to become highly absorbing and thus prevent laser action from occurring [15] . Optimized devices reaching 20 mm in length were fabricated, but the resolvable width differences in their sidewall gratings (and thus their realizable coupling constants) prevented them from fulfilling the required resonance condition for lasing. Further progress in this area is currently underway.
Additional improvements can be made to increase the pump-to-signal efficiency, including increasing the confinement factor of the pump light within the active region [10] , accompanying an anneal to the upper protective SiO 2 deposition, lowering the overall scattering loss through additional chemical mechanical polishing (CMP) of the oxide spacer layer [11] , and ytterbium sensitizing [16] . With such a low percentage of absorbed pump power, co-doping the Al 2 O 3 :Er 3 with Yb atoms could lead to more efficient pump energy conversion. On the other hand, such a technique may only make a small improvement in efficiency, as analogous fiber-based host glasses have shown a requirement of high phosphorous content to achieve efficient Yb-Er energy transfer. Figure 5 shows the superimposed spectra of five different lasers all on a single chip as recorded by the OSA.
The differences in output power over the spectral range can be attributed in large part due to the nonuniform nature of the mechanical facet polishing as well as to differences in the small signal-gain spectrum of the erbium-doped region, although to a lesser degree. The spectral traces show single-mode operation, with an SMSR greater than 35 dB for all designs.
Characterization of the lasing linewidths of each device was carried out through standard self-heterodyne measurements, of which the experimental setup is shown in Fig. 6 .
For the delay arm of the Mach-Zehnder interferometer, a length of 25 km of optical fiber was chosen to ensure that the differential delay time (Δτ) was much greater than the coherence time of the laser (t coh ). Figure 7 shows the measured RF spectrum analyzer trace for the laser operating at 1537 nm.
Because it contains the noise of the frequency shifted and delayed versions of the optical lasing signal, the electrical FWHM (3 dB down from the peak) shown is twice as wide as the original laser linewidth. With this in mind, we measure the FWHM linewidth of the device as 501 kHz. The satellite peaks shown at 9 MHz on either side of the main lobe are caused by relaxation oscillations within the laser. However, the FWHM linewidth of the device is essentially the same with or without the satellite peaks present [17] . The high linewidth value of the devices (501 kHz as compared to the 1.7 kHz achieved in [8] ) is mainly a consequence of the low output power of the lasers, as lasing linewidth is inversely proportional to the output power [18] .
In summary, we have demonstrated an array of integrated Al 2 O 3 :Er 3 waveguide-DFB lasers on an ultralow-loss Si 3 N 4 planar waveguide platform. Sidewall gratings providing the lasing feedback are defined in the silicon-nitride layer using 248 nm stepper lithography, while a simple reactive co-sputtering step deposits the erbium-doped aluminum-oxide active layer. Lasing with output powers of 8 μW at wavelengths between 1531 and 1543 nm are shown, with SMSRs greater than 35 dB and FWHM lasing linewidths of 501 kHz. Potential improvements in pump-to-signal efficiency are possible and within immediate reach, including optimizing the device length, adding an additional CMP step of the silicondioxide spacer slayer, ytterbium sensitizing, and increasing the confinement factor of the signal and pump light by increasing the thickness of the active region. Realization of these lasing sources on the ULLW platform allows for the exciting possibility of higher-performance-integrated optical communications devices, high spectral resolution LIDAR systems, and long-range optical-frequency domain reflectometry systems.
